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Structure of the vault, a ubiquitous cellular component 
Lawrence B Kong1, Amara C Siva2, Leonard H Rome2 and Phoebe L Stewart1*
Background: The vault is a ubiquitous and highly conserved ribonucleoprotein
particle of approximately 13 MDa. This particle has been shown to be
upregulated in certain multidrug-resistant cancer cell lines and to share a
protein component with the telomerase complex. Determination of the structure
of the vault was undertaken to provide a first step towards understanding the
role of this cellular component in normal metabolism and perhaps to shed some
light on its role in mediating drug resistance.
Results: Over 1300 particle images were combined to calculate an
approximately 31 Å resolution structure of the vault. Rotational power spectra
did not yield a clear symmetry peak, either because of the thin, smooth walls or
inherent flexibility of the vault. Although cyclic eightfold (C8) symmetry was
imposed, the resulting reconstruction may be partially cylindrically averaged
about the eightfold axis. Our results reveal the vault to be a hollow, barrel-like
structure with two protruding caps and an invaginated waist. 
Conclusions: Although the normal cellular function of the vault is as yet
undetermined, the structure of the vault is consistent with either a role in
subcellular transport, as previously suggested, or in sequestering
macromolecular assemblies.
Introduction
Vaults are ubiquitous, predominantly cytoplasmic, ribo-
nucleoprotein particles that have been conserved through-
out evolution in phylogeny as diverse as mammals, avians,
amphibians and the slime mold Dictyostelium discoideum [1].
The vault particle was originally observed in preparations of
clathrin-coated vesicles and named on the basis of its simi-
larity to arched cathedral ceilings [2,3]. It has been recently
noted that various cancer cell lines containing markedly ele-
vated levels of vault particles exhibit resistance to a broad
spectrum of chemotherapeutic drugs [4]. In addition, rever-
tant cell lines demonstrating reduced multidrug resis-
tance (MDR) have decreased vault levels. The connection
between vaults and MDR was first observed in lung cancer
cell lines that did not contain elevated levels of P-glyco-
protein (Pgp) or MDR-related protein (Mrp), known drug
efflux pumps [5]. Instead, these cell lines were found to
overexpress a 110 kDa protein, initially named the lung
resistance-related protein (LRP) and later found to be the
human homolog of the major vault protein (MVP) [6]. MVP
levels are a major indicator of chemotherapeutic failure in
various cancer cell lines, including ovarian, lung and breast
carcinoma, and acute myeloid leukemia [4,7,8]. 
The vault particle is a multimeric structure composed of
multiple copies of three proteins (240 kDa, 193 kDa and
104 kDa in rat) and a unique, untranslated RNA species
(140 nucleotides in rat) [4,9]. Vaults have a mass of
12.9 ± 1 MDa, as determined by STEM analysis, with
75% of the total mass due to the 104 kDa MVP [10]. The
molecular mass of the MVP varies between species, yet
immunological cross-reactivity is retained [10]. There is
approximately 60% identity between the amino acid
sequences of the five different MVPs cloned to date [11].
One of the two minor vault proteins, p240, has recently
been identified as a component in the telomerase
complex, telomerase-associated protein (TEP1) [12].
Vault RNA constitutes less than 5% of the particle by
mass and, despite differences in sequence length between
species, predicted secondary structure is conserved [9].
The intact vault complex exists in several thousand copies
per cell [4] and is found in a wide variety of tissue types. 
Several studies have implicated the vault in nucleo-
cytoplasmic transport. Immunolocalization has shown that
vaults associate with the nuclear membrane, and occasion-
ally, but not exclusively, with nuclear pore complexes
(NPCs). This evidence led Chugani et al. [13] to propose
that vaults may act as shuttles between the nucleus and
the cytoplasm. In the sea urchin, the MVP was copurified
with ribosomes and localized to the nucleolus, the site of
ribosome synthesis and assembly, leading the authors to
suggest that vaults are involved in the nucleocytoplasmic
transport of ribosomes [14]. Recently, Abbondanza et al.
[15] found that the vault MVP coimmunoprecipitates with
the human estrogen receptor and that treatment of cells
with estradiol increases the level of MVP associated with
estrogen receptor in nuclear extracts. These findings led to
the hypothesis that vaults may be involved in the nucleo-
cytoplasmic transport of steroid hormones. 
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Subcellular localization studies of the vault have also led
to speculation on its function. Through immunofluores-
cence studies, the vault has been detected at the ruffling
edges of spreading rat fibroblasts and appears to be found
at the ends of actin filaments, suggesting a role in motility
[1]. This idea is supported by studies of developing rat
brain that show high levels of vaults in ameboid micro-
glial and choroid plexus microvilli, two motile, plastic cell
types [16]. In the cholinergic nerve terminals of the
Torpedo electric organ, the vault is enriched at the pre-
synaptic terminal, implying an as yet unknown role for the
vault [17,18]. We suspect that the vault has one underly-
ing basic function that may lead to different functional
phenotypes in various specialized cells.
Cryoelectron microscopy (cryo-EM) provides a powerful
tool for visualizing large (greater than 0.5 MDa) macro-
molecular complexes. This approach has been highly
successful for determining the structures of 60-fold sym-
metric viruses, such as adenovirus [19] and the hepatitis B
capsid [20,21]. Particles with lower symmetries have also
been studied, such as the Xenopus nuclear pore complex
(with C8 symmetry) [22], Lumbricus terrestris hemo-
globin (D6 symmetry) [23], keyhole limpet hemocyanin
(D5 symmetry) [24], the skeletal muscle calcium release
channel (C4 symmetry) [25], as well as asymmetric par-
ticles such as the catalytic subunit of DNA-dependent
protein kinase [26]. 
We present here an eightfold and partially cylindrically
averaged structure of the intact rat vault as determined by
cryo-EM and three-dimensional image reconstruction at
~31 Å resolution. The cryo-EM structure provides the first
direct evidence that the vault is hollow. Cryoelectron micro-
graphs indicate that vaults often contain extra density
within the central barrel-shaped cavity. The implications
of the structure for cellular function are discussed.
Results
Purification of vaults
Three-dimensional image reconstruction from cryoelec-
tron micrographs requires the averaging of hundreds to
thousands of particle images. In the case of the vault par-
ticle, early isolation procedures left ferritin and clathrin
cages as major contaminants. These samples produced
cryoelectron micrographs that were not suitable for image
reconstruction, because the electron-dense ferritin tended
to obscure the vault particles. To achieve the necessary
sample purity, two modifications were made to previous
isolation protocols [3]. Firstly, buffer A (50 mM Tris-Cl
[pH 7.4], 75 mM NaCl, 1.5 mM MgCl2, 1 mM dithiothre-
itol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF]
and protease inhibitor cocktail) was substituted for MES
buffer (pH 6.5) to disrupt the clathrin cages (V Kickhoe-
fer, personal communication). Secondly, in place of agarose
gel purification, two successive CsCl gradients were added
as a final step in the purification. These procedures resulted
in a highly purified vault fraction (Figure 1).
EM imaging of vaults
In negative-stain images of vaults, certain structural fea-
tures are accentuated, presumably because of differential
staining. In cryo-EM images, however, the particles appear
mostly transparent, with varying amounts of internal density
(Figure 2). When reconstructions from cryopreserved and
negatively stained samples are compared, cryo-EM is found
to be better for preserving fine structural features and for
obtaining higher resolution three-dimensional structures.
In addition, cryo-EM enables internal, as well as external,
structural features to be reconstructed [27,28]. In cryo-
EM, the sample is suspended in a layer of vitreous ice
rather than concentrated onto a solid support film. The
drying process involved in the preparation of negatively
stained images tends to orient vaults predominantly in
side views, whereas cryopreservation usually produces
randomly oriented particles, which is advantageous for
image reconstruction.
Vaults presented several complications for cryo-EM data
collection. Firstly, because of the transparent, low-contrast
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Figure 1
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) of the CsCl step gradient fractions. The silver-stained
gel shows the eight difference fractions from the CsCI gradient (top to
bottom, lanes 1 to 8). Lanes 1 and 2 contain the load fraction, which
became the final fraction used in the cryo-EM analysis. Lanes 3 and 4
contain fractions from the 1.45 g/ml CsCl step in SM buffer (see
Materials and methods section), lanes 5 and 6 fractions from the
1.5 g/ml CsCl step, and lanes 7 and 8 fractions from the 1.7 g/ml
CsCl step. The vaults remain in fractions 1 and 2 (load fraction with
protein bands at 240 kDa, 193 kDa and 104 kDa), while ferritin, a
major contaminant of high molecular weight, fractionates to the bottom
of the gradient (lanes 5 to 8).






nature of the particles, it was not possible to observe single
particles at low magnification (7100 ×) without causing
radiation damage. Thus, it was necessary to collect images
of all potentially good regions of the grid and these con-
tained vaults only occasionally. Often large clumps of
vaults were observed, but these were unusable for image
processing. Another problem was that vaults tended to
stick to the carbon support film rather than being sus-
pended in the frozen water layer of holes in the grid. This
resulted in only a low percentage (~5%) of micrographs
suitable for image reconstruction. All possible orientations
were observed for the vault from a round end view to an
oval side view (Figure 2c). Occasionally, vault particles
appeared to be open or separated at the middle, but these
were not used for further image processing (Figure 2d).
The final image set selected for reconstruction included
1352 particle images extracted from 439 digitally collected
cryoelectron micrographs.
Three-dimensional image reconstruction 
When vaults are imaged on polylysine coated mica, they
tend to open into flower-like structures with eight rectan-
gular petals per half-vault [10]. Dihedral eightfold symme-
try (D8 or 822) was initially suggested for vaults because of
the similar appearance of the two halves of the structure
[10]. By applying the symmetry self-search algorithm of
the IMAGIC software package [29], we have determined
that the signal for cyclic eightfold symmetry (C8) (peak
height 67, standard deviation 46) is stronger than that for
D8 (peak height 55, standard deviation 42). Perhaps the
true symmetry of the vault is D8, but the material trapped
inside may cause an asymmetry between the two ends. In
an attempt to confirm the symmetry of the vault, rotational
power spectra were calculated for four clear end views.
However, no strong peaks were observed between twofold
and 60-fold symmetry. In fact, the rotational symmetry
with the highest correlation value differed between parti-
cle images. In all cases, the highest correlation value was
only marginally (~3%) above the mean correlation. Ideally,
the vault should be treated during image processing as
an asymmetric particle, at least until a clear symmetry
emerges in the reconstruction. However, our attempts to
orient the vault particle images without imposing symme-
try were unsuccessful. This could be due to the smooth,
thin-walled nature of the vault and the absence of strong
surface features or to inherent flexibility in the vault struc-
ture. C8 symmetry gave a moderately strong IMAGIC
symmetry self-search peak, is consistent with previously
observed eightfold freeze-etch vault images [10], and sub-
sumes D8 symmetry. We imposed C8 symmetry as a
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Figure 2
Cryo-EM and negative-stain EM images of
vaults. (a) Digital cryoelectron micrograph
showing vaults suspended in a vitreous ice
layer. The vaults tend to stick to the carbon
support film and the particles appear frozen in
random orientations. (b) Negative-stain
micrograph of vaults. Different surface
structural details are seen by negative-stain
EM. (c) Gallery of isolated cryo-EM vault
images in various orientations, from end to
side views; the density has been inverted
relative to (a). (d) Various vault particles
opening at the midsection. All scale bars
correspond to 500 Å.
convenience in the reconstruction process; however, the
issue of the vault symmetry is not fully resolved. 
A preliminary reconstruction was generated from 946 2 µm
underfocus images without initially correcting for the con-
trast transfer function (CTF) of the microscope. This pre-
liminary reconstruction was used as an anchor model to
find Euler angles for an additional 437 1 µm underfocus
images. All of the particle images were then deconvolved
to compensate for the CTF and a merged reconstruction
was calculated (see Materials and method section). After
five cycles of refinement, the resulting Euler angles for
1352 particles spanned the C8 asymmetric unit of the Euler
sphere, although side views (θ = 90°) were most prevalent
(Figure 3a). The resolution of the final CTF-corrected
reconstruction was assessed by comparing two independent
halves of the data set by Fourier shell correlation (FSC)
(Figure 3b). This comparison gives a resolution estimate
between 31 Å at the 0.5 correlation point and 22 Å at the
threshold crossing. The less conservative estimation of
22 Å resolution is close to the three-pixel practical resolu-
tion limit [24], as the digital images were collected with a
6.5 Å pixel size.
We considered the possibility that the reconstruction is
cylindrically averaged because of the low image contrast
and the smooth, featureless nature of the vault particle
images. Thus, a test reconstruction with a randomized ϕ
angle for each particle image was calculated. The ϕ angle
corresponds to rotation around the eightfold axis. The
FSC plot of this cylindrically averaged structure has the
same 0.5 correlation point as the presented vault recon-
struction. Thus, we conclude that the presented structure
is at least partially cylindrically averaged. However, the
conclusions that were drawn from this initial moderate res-
olution vault structure are not affected by the cylindrical ϕ
averaging. The FSC threshold crossing for the randomized
angle reconstruction is 29 Å, which is worse than that
shown in Figure 3b for the presented reconstruction, 22 Å.
This suggests that the presented reconstruction is not
fully cylindrically averaged and that a portion of the vault
may follow C8 symmetry. In order to resolve structural
features within the thin vault wall it may be necessary to
collect micrographs of gold- or antibody-labeled vaults to
help in alignment. The presented vault reconstruction rep-
resents a first step towards a high-resolution structure of
the vault.
Vault particle structure
The final reconstruction of the vault reveals a smooth
outer shell with a barrel-shaped midsection and two pro-
truding caps (Figure 4). The maximum dimensions of the
vault are 420 Å × 750 Å. The barrel has an invaginated
waist 380 Å in diameter and the two end caps have a
maximum diameter of 240 Å. The barrel accounts for
~78% of the total volume of the particle and each cap for
~11%. The volume of the barrel corresponds almost
exactly to the percentage of the particle mass that has
been attributed to the MVP by densitometer tracing of
gel-separated vault proteins and STEM analysis. When
the reconstruction is contoured at an isosurface equivalent
to 12.9 MDa there are very few holes in the shell, except
for eight small holes (20 Å in diameter) where one cap
connects to the midsection. Density slices through the
two ends of the vault reveal subtle feature differences
(Figure 5). Slice planes 1, 2, 7 and 8 show the greatest
feature variation between the top and bottom of the vault.
Cropping the reconstruction in half reveals the vault as a
hollow structure with walls 20–52 Å thick (Figure 6). The
thickest regions are located at the sections joining each cap
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Figure 3
Plots of the vault Euler angles and the Fourier shell correlation (FSC)
of the final reconstruction. (a) Euler angles of the final 1352 particle
data set plotted into the cyclic eightfold asymmetric unit of the Euler
sphere. A majority of particles are oriented in side views (θ = 90°). 
(b) The FSC correlation curve (solid line) is plotted together with an
8.5σ (symmetry-corrected) threshold curve (dashed line). The
resolution as judged by the threshold crossing is ~22 Å, but the more
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with the barrel (39 Å), and at the ends of the two caps (46 Å
for the top cap, 52 Å for the bottom cap). The majority of
the vault has a wall thickness measured as ~25 Å, but as
this is at the resolution limit, the walls in actuality could be
thinner. The thin nature of the wall explains the observa-
tion that only particle outlines can be seen clearly in cryo-
EM images, as this is where the most density is projected. 
The internal volume of the vault is ~5 × 107 Å3, which is
over 500 times larger than the volume of the cavity
observed in the chaperonin complex of GroEL and GroES
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Figure 4
The vault reconstruction with imposed cyclic eightfold symmetry
presented from several different views. The scale bar corresponds 
to 250 Å.
Figure 5
Density slices through each end of the vault. (a) Slice planes were
taken at 20 Å (three pixel) intervals, with the selected slices
indicated by numbered lines. (b) Slices showing particle density; red
represents the strongest density and blue the weakest density.
Differences in the two ends are seen in planes 1, 2, 7 and 8. Each
left and right density slice corresponds to the top and bottom slice
plane, respectively.
[30]. The vault is large enough to enclose particles such as
ribosomal subunits. The central density slice, shown in
Figure 6b, shows internal weak density, which is strongest
where the two cap sections meet the barrel section. Cryo-
EM particle images often showed irregular density within
these regions of the vault, but as this internal density does
not follow eightfold symmetry it is not correctly recon-
structed. The molecular species inside the vault is either
different in each particle or is in multiple orientations.
Discussion
Molecular architecture of the vault
This paper presents a three-dimensional cryo-EM recon-
struction of the vault with imposed C8 symmetry. Although
the reconstruction is of moderate resolution, 31 Å, and
may be partly cylindrically averaged about the eightfold
axis of the particle, it provides the first step towards under-
standing the structure of this mysterious and ubiquitous
cellular component. The barrel-shaped vault is observed
to have a thin-walled midsection and two protruding caps.
In cryoelectron micrographs, the two caps appear similar,
yet image analysis suggests that the two ends of the vault
are subtly different. It is difficult to discern at this resolu-
tion whether the vault does have directionality or if the
observed differences are a manifestation of a flexible struc-
ture combined with the imposed C8 symmetry. Interest-
ingly, the volume of the barrel-shaped middle, 78% of the
total particle volume, corresponds well with the predicted
percentage of mass due to MVP (75%) [10]. This supports
a stoichiometry model that predicts 96 copies of MVP in
the middle of each vault particle, while the two minor pro-
teins may be confined to the two ends. Secondary struc-
ture predictions for the vault RNA (vRNA) indicate a large
amount of conserved folding [9]. If the overall dimensions
of the folded rat vRNA (140 bases) are larger than those of
yeast Phe-tRNA molecules (76 bases, 20 Å × 80 Å× 80 Å)
[31], then the vRNA would most likely fit in the thicker
regions of the reconstruction, that is, the ends of the two
caps and the regions of the middle section that are near
the two caps.
The role of vaults in multidrug resistance
The level of MVP in cells has been shown to be an excel-
lent indicator of MDR in various cancer cell lines [32].
Kickhoefer et al. [4] have shown that the increased MVP
levels in MDR cancer cells leads to increased levels of
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Figure 6
The internal structure of the vault. (a) Cropped views of the
reconstruction along two different axes reveal a hollow interior when
the isosurface level is set to account for 12.9 MDa. The cropped
planes are displayed with the strongest density in red and the weakest
density in green. (b) A central density slice shows weak (green)
density located inside the vault where each cap meets the barrel. The
scale bars correspond to 100 Å.
intact vault particles. Revertant cell lines that show reduced
MDR show decreased levels of vaults. How vaults function
in drug resistance is unknown. As they are not membrane-
associated, vaults presumably do not function as drug
efflux pumps. Confocal microscopy has shown that in
certain MDR cell lines, drug molecules are localized in
punctate cytoplasmic regions, as opposed to being distrib-
uted throughout the nucleus and cytoplasm as observed
in parental cells [32]. Perhaps the hollow vaults serve to
sequester drug molecules away from their target sites. Inter-
estingly, vault tissue distribution studies show higher levels
of vaults in tissues that are chronically exposed to elevated
levels of xenobiotics, such as epithelial cells [4,32]. Thus,
one role for vaults may involve a normal cellular defense
mechanism that is exploited by drug-resistant cancer cells.
Normal cellular function of vaults
It has been previously suggested that the vault may be the
central transporter in the NPC [13,33]. Vaults are occa-
sionally colocalized with the NPC [13] and they share
similar dimensions with the central transporter, as visual-
ized in a cryo-EM reconstruction of the Xenopus NPC [22].
If vaults were the central transporter, however, then NPCs
should always be colocalized with the vault, which is not
the case. In addition, vaults have not been found in yeast,
which does contain NPCs [34]. Therefore, we conclude
that if vaults are involved in nucleocytoplasmic transport,
as several references have suggested, then they must be
only transiently associated with the NPC and accommo-
date only a subset of transported molecules. The fact that
vaults are highly evolutionarily conserved and are present
in many tissue types indicates that they do have an inte-
gral cellular function, which is as yet undetermined.
Cryo-EM images often show irregular density within the
vault, which we attribute to molecular contents. The recon-
struction reveals that the vault has a thin, yet solid, wall
throughout, with only small openings near one end cap.
This is in contrast to earlier freeze-etch images that indi-
cated a more lacy shell [10]. If the vault does serve to
contain large macromolecules, then it must open to inter-
nalize and/or release its contents. Perhaps this is why we
occasionally observe vaults splitting open at the midsection.
The structure indicates that vaults can enclose complexes
up to 330 Å in diameter. As the maximum dimension of the
ribosome is ~278 Å [35], it could easily fit within the vault.
Although the cryo-EM reconstruction of the vault does not
immediately solve the mystery of the vault function, the
form suggests a role in either compartmentalization or sub-
cellular transport of macromolecular assemblies.
Biological implications
Vaults are ribonucleoprotein particles that are evolution-
arily conserved from the slime mold Dictystelium dis-
coideum to humans. The vault is composed of a short
strand of RNA (141 bases in rat) and three proteins: the
major vault protein (MVP; 104 kDa in rat) and two
minor proteins (193 kDa and 240 kDa in rat). The human
homolog of MVP was found to be the lung resistance-
related protein, which is overexpressed in certain multi-
drug-resistant cancer cell lines. The expression of both
intact vault particles, as well as MVP, is upregulated in
drug-resistant cell lines, although the mechanism of
multidrug resistance is unknown. Recently, the 240 kDa
minor vault protein was identified as a component in the
nuclear telomerase complex, TEP1. A detailed knowl-
edge of the structure of the vault may help us to under-
stand its normal biological function. 
Here we present the first three-dimensional structure of
the vault obtained using cryoelectron microscopy (cryo-
EM) and image reconstruction. The resolution of this
structure is moderate, 31 Å, and the structure may be
partially cylindrically averaged about the eightfold axis.
The vault is shown to be hollow and has thin walls
throughout the barrel-like assembly. Extra density is
often visualized within the vault in cryo-EM images;
however, it is not well reconstructed as it does not follow
the imposed eightfold symmetry. The central cavity of
the vault is large enough to enclose either ribosomal sub-
units or an intact ribosome complex. The hollow struc-
ture of the vault is consistent with a role in either the
compartmentalization of macromolecular assemblies or
in subcellular transport. 
Materials and methods
Sample preparation
Vaults were purified as previously described [3] with the following
modifications. Rat lung or liver was homogenized using a Brinkman
polytron in buffer A (50 mM Tris-Cl [pH 7.4], 75 mM NaCl, 1.5 mM
MgCl2, 1 mM DTT, 1 mM PMSF and protease inhibitor cocktail [5 µg/ml
aprotinin, 5 µM benzamidine, 5 µg/ml chymostatin, 5 µM leupeptin]), and
this buffer was used throughout the early (pregradient) stages of vault
purification. As a final step in purification (instead of agarose gel elec-
trophoresis), sucrose gradient purified material was resuspended in an
appropriate volume of buffer A containing 0.5 g/ml CsCl, loaded onto a
CsCl step gradient (1.45, 1.50 and 1.70 g/ml steps) in SM buffer
(100 mM NaCl, 8 mM MgSO4⋅7H2O, 50 mM Tris-Cl [pH 7.5]), and
centrifuged in a Sorvall AH-650 swinging bucket rotor for 24 h at
55,000 × g. The load fraction was divided into equal upper and lower
portions, diluted 1:4 with buffer A, and centrifuged for 3 h at 100,000 × g.
These fractions were again resuspended in buffer A plus 0.5 g/ml CsCl,
and loaded onto a second CsCl step gradient and fractionated as
described. Final purified vaults from the load fraction were resuspended
in MES buffer (90 mM MES, 10 mM sodium phosphate, 1.0 mM MgCl2,
0.5 mM ethylene glycol tetraacetic acid [EGTA], 0.02% sodium azide
[pH 6.5] and protease inhibitor cocktail). Vaults are stable for a minimum
of four weeks when stored at 4°C.
Cryo-EM
Electron microscope grid preparation and cryoplunging were per-
formed as described previously [36]. A 4 µl droplet of concentrated
vaults was applied to a glow-discharged holey carbon grid, blotted
briefly and plunged into liquid ethane slush chilled by liquid nitrogen.
The grids were transferred under liquid nitrogen to a Gatan 626 cryo-
transfer holder and examined in a Philips CM120 transmission electron
microscope equipped with a LaB6 filament, Gatan cryoaccessories and a
Gatan slow-scan CCD camera (1024 × 1024 pixels). Images were
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collected under low-dose conditions (<20 electrons/A2), at a magnifi-
cation of 28,000 × and two different underfocus values (1.0 µm and
2.0 µm). The digital micrographs had a pixel size of 6.5 Å, as deter-
mined by calibration with a catalase crystal.
Image processing
All processing was performed on Digital Equipment Corporation Alpha
workstations using the UNIX operating system. Individual vault particle
images were extracted from raw digital micrographs into 128 × 128
pixel fields using the QVIEW software package [37]. This package
enabled background subtraction and particle selection with an elliptical
mask. The IMAGIC software package was used for all subsequent
reconstruction procedures. A preliminary set of 946 particle images
from 357 micrographs collected at 2 µm underfocus were used to cal-
culate Euler angles, using the angular reconstitution method and
assuming C8 symmetry. All reconstructions were generated using the
exact-filtered back projection algorithm (Hamming filter factor of 0.75).
An anchor set of 140 projections was produced from the initial recon-
struction with a 7.5° spacing evenly spanning the C8 asymmetric unit
of the Euler sphere. These projections were used to find the Euler
angles of the 437 particle images collected at 1 µm underfocus. The
1 µm and 2 µm underfocus particle images were combined following
correction of the two-dimensional particle images for the CTF [26].
The parameters used for the CTF were Cs = 2 mm, fraction of ampli-
tude contrast = 0.1, kV = 120, decay constant = 10 nm2, Fermi filter
resolution cut-off = 13 Å, filter width = 5 Å and defocus = –1.0 µm or
–2.0 µm (chosen to match the settings on the microscope). The
resulting CTF equations were compared with the radial power spectra
of the sum of the particle images at either defocus value. Although the
power spectra were not clear enough to fit all of the CTF parameters,
they did confirm the zero positions. The best ~80% of the particles
were selected, based on Fourier ring correlation, and used to gener-
ate a new anchor model. The new anchor model was then used to
calculate refined Euler angles for the entire data set. A new recon-
struction was calculated and particles with visibly poor agreement to
their reprojections were removed. As the absolute hand of the vault
particle has not been determined, an arbitrary hand is displayed.
The resolution of the reconstruction was calculated using FSC, by
comparing two independent halves of the data set. The resolution was
estimated at either the 0.5 correlation cut-off or the 8.5σ (3σ, corrected
for eightfold symmetry) threshold curve. The final reconstruction was
displayed using the AVS (Advanced Visualization Systems, Inc.) soft-
ware package. The reconstruction was contoured at an isosurface cor-
responding to a molecular mass of 12.9 MDa, assuming a protein
density of 1.39 g/cm3. The difference in density between protein and
RNA (1.71 g/cm3) was not taken into consideration given the small per-
centage (< 5%) of mass due to the vRNA.
Acknowledgements
The authors wish to thank Christopher Akey, Ueli Aebi and Michael Schmidt
for their useful comments on the vault structure and Dion Baybridge and
Valerie Kickhoefer for helpful advice with the manuscript. This work was
supported by a grant to PLS. from the National Science Foundation (MCB-
9722353) and to LHR. from the National Institutes of Health (GM38097).
References
1. Kedersha, N.L., Miquel, M.C., Bittner, D. & Rome, L.H. (1990). Vaults.
II. Ribonucleoprotein structures are highly conserved among higher
and lower eukaryotes. J. Cell Biol. 110, 895-901.
2. Kedersha, N.L. & Rome, L.H. (1986). Isolation and characterization of
a novel ribonucleoprotein particle: large structures contain a single
species of small RNA. J. Cell Biol. 103, 699-709.
3. Kedersha, N.L. & Rome, L.H. (1986). Preparative agarose gel
electrophoresis for the purification of small organelles and particles.
Anal. Biochem. 156, 161-170.
4. Kickhoefer, V.A., Rajavel, K.S., Scheffer, G.L., Dalton, W.S., Scheper,
R.J. & Rome, L.H. (1998). Vaults are up-regulated in multidrug-
resistant cancer cell lines. J. Biol. Chem. 273, 8971-8974.
5. Scheper, R.J., et al., & Pinedo, H.M. (1993). Overexpression of a M(r)
110,000 vesicular protein in non-P-glycoprotein-mediated multidrug
resistance. Cancer Res. 53, 1475-1479.
6. Scheffer, G.L., et al., & Scheper, R.J. (1995). The drug resistance-
related protein LRP is the human major vault protein. Nat. Med. 1,
578-582.
7. Izquierdo, M.A., et al., & Scheper, R.J. (1995). Drug resistance-
associated marker Lrp for prediction of response to chemotherapy
and prognoses in advanced ovarian carcinoma. J. Natl Cancer Inst.
87, 1230-1237.
8. List, A.F., et al., & Dalton, W.S. (1996). Overexpression of the major
vault transporter protein lung-resistance protein predicts treatment
outcome in acute myeloid leukemia. Blood 87, 2464-2469.
9. Kickhoefer, V.A., Searles, R.P., Kedersha, N.L., Garber, M.E., Johnson,
D.L. & Rome, L.H. (1993). Vault ribonucleoprotein particles from rat
and bullfrog contain a related small RNA that is transcribed by RNA
polymerase III. J. Biol. Chem. 268, 7868-7873.
10. Kedersha, N.L., Heuser, J.E., Chugani, D.C. & Rome, L.H. (1991).
Vaults. III. Vault ribonucleoprotein particles open into flower-like
structures with octagonal symmetry. J. Cell Biol. 112, 225-235.
11. Herrmann, C., Zimmermann, H. & Volknandt, W. (1997). Analysis of a
cDNA encoding the major vault protein from the electric ray
Discopyge ommata. Gene 188, 85-90.
12. Kickhoefer, V.A., Stephen, A.G., Harrington, L., Robinson, M.O. &
Rome, L.H. (1998). Vaults and telomerase share a common subunit,
TEP1. Mol. Biol. Cell 9, 69a.
13. Chugani, D.C., Rome, L.H. & Kedersha, N.L. (1993). Evidence that
vault ribonucleoprotein particles localize to the nuclear pore complex.
J. Cell Sci. 106, 23-29.
14. Hamill, D.R. & Suprenant, K.A. (1997). Characterization of the sea
urchin major vault protein: a possible role for vault ribonucleoprotein
particles in nucleocytoplasmic transport. Dev. Biol. 190, 117-128.
15. Abbondanza, C., et al., & Puca, G.A. (1998). Interaction of vault
particles with estrogen receptor in the MCF-7 breast cancer cell. 
J. Cell Biol. 141, 1301-1310.
16. Chugani, D.C., Kedersha, N.L. & Rome, L.H. (1991). Vault
immunofluorescence in the brain: new insights regarding the origin of
microglia. J. Neurosci. 11, 256-268.
17. Herrmann, C., Volknandt, W., Wittich, B., Kellner, R. & Zimmermann,
H. (1996). The major vault protein (MVP100) is contained in
cholinergic nerve terminals of electric ray electric organ. J. Biol.
Chem. 271, 13908-13915.
18. Herrmann, C., Kellner, R. & Volknandt, W. (1998). Major vault protein
of electric ray is a phosphoprotein. Neurochem. Res. 23, 39-46.
19. Stewart, P.L., et al., & Nemerow, G.L. (1997). Cryo-EM visualization of
an exposed RGD epitope on adenovirus that escapes antibody
neutralization. EMBO J. 16, 1189-1198.
20. Böttcher, B., Wynne, S.A. & Crowther, R.A. (1997). Determination of
the fold of the core protein of hepatitis B virus by electron
cryomicroscopy. Nature 386, 88-91.
21. Conway, J.F., Cheng, N., Zlotnick, A., Wingfield, P.T., Stahl, S.J. &
Steven, A.C. (1997). Visualization of a 4-helix bundle in the hepatitis B
virus capsid by cryo-electron microscopy. Nature 386, 91-94.
22. Akey, C.W. & Radermacher, M. (1993). Architecture of the Xenopus
nuclear pore complex revealed by three-dimensional cryo-electron
microscopy. J. Cell Biol. 122, 1-19.
23. Schatz, M., Orlova, E.V., Dube, P., Jager, J. & van Heel, M. (1995).
Structure of Lumbricus terrestris hemoglobin at 30 Å resolution
determined using angular reconstitution. J. Struct. Biol. 114, 28-40.
24. Orlova, E.V., et al., & van Heel, M. (1997). Structure of keyhole limpet
hemocyanin type 1 (KLH1) at 15 Å resolution by electron
cryomicroscopy and angular reconstitution. J. Mol. Biol. 271, 
417-437.
25. Serysheva, I.I., Orlova, E.V., Chiu, W., Sherman, M.B., Hamilton, S.L. &
van Heel, M. (1995). Electron cryomicroscopy and angular
reconstitution used to visualize the skeletal muscle calcium release
channel. Nat. Struct. Biol. 2, 18-24.
26. Chiu, C.Y., Cary, R.B., Chen, D.J., Peterson, S.R. & Stewart, P.L.
(1998). Cryo-EM imaging of the catalytic subunit of the DNA-
dependent protein kinase. J. Mol. Biol. 284, 1075-1081.
27. Hoenger, A. & Aebi, U. (1996). 3-D Reconstructions from ice-
embedded and negatively stained biomacromolecular assemblies: a
critical comparison. J. Struct. Biol. 117, 99-116.
28. Prasad, B.V., et al., & Estes, M.K. (1996). Visualization of ordered
genomic RNA and localization of transcriptional complexes in
rotavirus. Nature 382, 471-473.
378 Structure 1999, Vol 7 No 4
29. van Heel, M., Harauz, G. & Orlova, E.V. (1996). A new generation of
the IMAGIC image processing system. J. Struct. Biol. 116, 17-24.
30. Xu, Z., Horwich, A.L. & Sigler, P.B. (1997). The crystal structure of the
asymmetric GroEL–GroES–(ADP)7 chaperonin complex. Nature 388,
741-750.
31. Kim, S.H., et al., & Rich, A. (1973). Three-dimensional structure of
yeast phenylalanine transfer RNA: folding of the polynucleotide chain.
Science 179, 285-288.
32. Izquierdo, M.A., Scheffer, G.L., Flens, M.J., Shoemaker, R.H., Rome,
L.H. & Scheper, R.J. (1996). Relationship of LRP-human major vault
protein to in vitro and clinical resistance to anticancer drugs.
Cytotechnology 19, 191-197.
33. Rome, L.H., Kedersha, N.L. & Chugani, D.C. (1991). Unlocking vaults:
organelles in search of a function. Trends Cell Biol. 1, 47-50.
34. Yang, Q., Rout, M.P. & Akey, C.W. (1998). Three-dimensional
architecture of the isolated yeast nuclear pore complex: functional and
evolutionary implications. Mol. Cell 1, 223-234.
35. Verschoor, A., Warner, J.R., Srivastava, S., Grassucci, R.A. & Frank, J.
(1998). Three-dimensional structure of the yeast ribosome. Nucleic
Acids Res. 26, 655-661.
36. Adrian, M., Dubochet, J., Lepault, J. & McDowall, A.W. (1984). Cryo-
electron microscopy of viruses. Nature 308, 32-36.
37. Shah, A.K. & Stewart, P.L. (1998). QVIEW: software for rapid
selection of particles from digital electron micrographs. J. Struct. Biol.
123, 17-21.
Research Article  Structure of the vault Kong et al. 379
Because Structure with Folding & Design operates a
‘Continuous Publication System’ for Research Papers, this
paper has been published on the internet before being printed
(accessed from http://biomednet.com/cbiology/str). For
further information, see the explanation on the contents page.
